The nucleotide sequence of the red-sensitive visual pigment gene, R007*r, in the fish Astyanax fascia&s, from the initiation codon to the stop codon of this gene, including introns, is 1,592 bp, making it the shortest visual pigment gene known in vertebrates. Analysis of this and other homologous sequence data suggests that vertebrates initially had two duplicate genes and that each ancestor of Astyanax, human, and chicken independently duplicated the gene in the process of developing their red-green color vision. Furthermore, many extant red-green colorblind organisms may be explained simply by the failure of achieving very specific nucleotide substitutions at the three codon positions 180, 277, and 285, rather than by the lack of duplicate loci.
Introduction

Coloration
in nature is so varied that the visual sense may be thought to be infinitely versatile. However, only three types of cone visual pigments are needed by humans to see the entire visible range of colors. The blue, green, and red visual pigments are coded by three distinct visual pigment (VP) genes and have absorption maxima at -420 nm [short wavelength sensitive (SWS)], -530 nm [medium wavelength sensitive (MWS)], and -560 nm [long wavelength sensitive (LWS)] , respectively (Nathans et al. 1986 ).
Spectral tunings in vertebrates have been achieved mainly by a series of gene duplications and subsequent accumulations of mutations (Nathans et al. 1986; Yokoyama and Yokoyama 1990a) . For example, we suggested that the LWS VPs in humans and fish evolved independently from the MWS VPs, by identical amino acid substitutions ala+ser, pheetyr, and ala*thr at the residues 180, 277, and 285, respectively (Yokoyama and Yokoyama 1990a) . These amino acid differences have now been shown to be able to produce an -30-nm shift in spectral absorption peaks of the pigments underlying human red-green color vision (Neitz et al. 199 1; see also Merbs and Nathans 1992a, 1992b; Winderickx et al. 1992) . Only a limited number of species of bony fish, reptiles, birds, and primates have developed the full-fledged red and green color-vision system (Walls 1963) . To understand the mechanism of color perception, it is essential to clarify how these organisms developed their color vision. As a first step toward understanding the adaptive evolution of color vision, we initiated molecular characterization of VP genes in the fish Astyanax fascia&s (Yokoyama and Yokoyama 1990a, 1990b ). Elsewhere, we characterized an incomplete clone of the LWS VP gene R007Af (denoted as "ROOT " in Yokoyama and Yokoyama 1990~) . In the present paper, we report the complete sequence for R007Af in A. fasciatus and evaluate the phylogenetic relationship of all known MWS and LWS VP genes. Statistical analysis strongly suggests that the collection of MWS and LWS VP genes can be differentiated into two groups, each of which originated from separate duplicate ancestral genes.
Material and Methods
DNA Extraction,
PCR Amplification, and DNA Sequencing
Among the VP genes previously characterized in the fish Astyanax fasciatus, the clone lambda 007 (for the LWS VP gene R007*r) lacked a part of the last exon (exon 6)) and only the partial DNA sequence of its coding region has been reported (see Yokoyama and Yokoyama 1990a) .
Lambda 007 includes most of a 5.5kb EcoRI genomic fragment that contains the LWS VP gene (Yokoyama and Yokoyama 1990a) . Genomic Southern hybridization indicated that this clone was missing < 1 kb of the 3' end of the EcoRI fragment, which could complete the R007*f coding region.
The DNA sequence of part of exon 6 and the 3'-flanking region was obtained by using the inverse PCR method (Ochman et al. 1990 ). To perform the inverse PCR, two oligonucleotides (oligo 5 ' and oligo INT) were designed from lambda 007 sequence data to flank and extend into the unknown genomic region on circularization of the 5.5-kb EcoRI-digested genomic DNA. Oligo 5 ' ( 5 '-GGCGGATGGATCAG-CCGGGGC-3 ' ) was -5 kb upstream from the 3' end of lambda 007, 37 nucleotides from the EcoRI site, which corresponds to the 5' end of the EcoRI fragment. Oligo INT ( 5'-ACCAATCACAAGAGATGGCCG-3 ') was derived from intron 5, 46 nucleotides prior to the beginning of exon 6, which is 97 nucleotides from the 3' end of lambda 007. Circularization of 1 pg of EcoRI-digested genomic DNA was accomplished by ligating at a concentration of 2 ug/ml to promote monomeric circles. The ligation product was amplified using the two oligonucleotides for 30 cycles (94°C for 30 s, 50°C for 30 s, and extension by Taq polymerase at 70°C for 2 min). The amplified product was gel isolated and sequenced using oligo INT. We constructed another oligonucleotide (oligo 3') from the new sequence data ( 116 nucleotides 3' from the termination codon; 5 '-CGGAGAAGAAATAGAAAGAAAAGC-3 ') . Then, oligo INT and oligo 3 ' were used to amplify genomic DNA and as primers to verify the new sequence.
DNA Sequence Data
The DNA sequences used in the analysis were the LWS VP genes from human (Homo sapiens) ( RHs; Nathans et al. 1986 ), chicken (Gallus gallus) ( ]RGg; Kuwata et al. 1990; Tokunaga et al. 1990) , and A. fasciatus ( R007Af; present study) and the MWS VP genes from human (Gu, ; Nathans et al. 1986 )) gecko ( Gekko gekko) ( GGge; Kojima et al. 1992) , and A. fasciatus (GlOl*r; Yokoyama and Yokoyama 1990a; and G103Af; Yokoyama and Yokoyama 1990b) . The gene that encodes the MWS VP in chicken has been characterized (lambda F7G in Okano et al. 1992 ; lambda gSW27 in Wang et al. 1992 ). However, this cone pigment has an absorption maximum at 508 nm, without the presence of the green oil droplet (Okano et al. 1989) , and green sensitivity has been achieved by the presence of the oil droplet (Bowmaker and Knowles 1977 ) . Furthermore, this gene is more closely related to the rhodopsin gene (see Okano et al. 1992 , fig. 5 ) and, therefore, is not included in the analysis.
To construct a rooted phylogenetic tree for the MWS and LWS VP genes, we used the rhodopsin genes from lamprey (Lamptera japonica) (Rh, j ; Hisatomi et al. 199 1) ) sand goby (Pomatoschistus minutus) ( Rhp, ; Archer et al. 1992) Baehr et al. 1988 ) to represent the outgroup. All of these DNA sequences were initially aligned by using a multiple alignment program in CLUSTAL V (Higgins et al. 1992 ) and were adjusted further visually to improve similarity.
Numbers of Nucleotide Substitutions and Amino Acid Replacements
Because these genes have a diverse array of vertebrates with large divergence times, it is likely that the numbers of synonymous nucleotide substitutions and those of nucleotide substitutions at the third position of codons in these VP genes would be underestimated.
Thus, the number of nonsynonymous substitutions per site (&) and the number of amino acid replacements per residue (&) were considered.
The & values were estimated by the method of Miyata and Yasunaga ( 1980) . The & values were estimated by using the empirical formula dk = -ln( 1 -p-p2/5), where p is the proportion of different amino acids per site between two polypeptides ( Kimura 1983 ) .
Construction of Phylogenetic Trees
Topology and branch lengths of phylogenetic trees were evaluated by using the neighbor-joining (NJ) method (Saitou and Nei 1987 ) . Confidence limits for branches of the most parsimonious tree for the amino acid replacements were estimated by bootstrap analysis with 1,000 replications (NJBOOT in CLUSTAL V; Higgins et al. 1992) . To evaluate the likelihood of attaining a specific tree topology and confidence intervals of branch lengths, we also used the maximum-likelihood (ML) method (DNAML program version 3.4 1) in PHYLIP 3.4 (Felsenstein 198 1) . Figure 1 shows the complete nucleotide sequence of R007*f. The coding region of R007Ar consists of 1,07 1 nucleotides, encoding a total of 357 amino acids. The closely related green-sensitive VP genes G 10 1 Af and G 103Af in Astyanax encode 353 (Yokoyama and Yokoyama 1990a) and 355 (Yokoyama and Yokoyama 1990b ) amino acids, respectively. The first, second, third, fourth, and fifth introns in R007Af consist of 120, 124, 84, 9 1, and 89 nucleotides, respectively, making the total length of RO07Af approximately half the length of G 10 1 Af and G 103Af. RO07Af is the shortest vertebrate VP gene known today.
Results and Discussion
The amino acid sequences deduced from the MWS and LWS VP genes and the outgroup can be aligned easily ( fig. 2 ) , where seven predicted transmembrane regions are also shown (Hargrave et al. 1983) . The alignment at the amino and carboxyl termini become somewhat ambiguous, but they are still informative in studying the relatedness among the red-and green-vision genes. The & values for each pair within, the MWS and LWS VP genes and within the outgroup are much less than unity, whereas those between the red or green VP genes and the outgroup are close to or larger than unity ( TCAGCAGCAG  AAAGACTCAG  AATCAACACA  GAAAGCAGAG  AAGGAAGTGT  CCAGGATGGT  1741  GGTGGTCATG  ATCATGGCTT  ATTGCTTCTG  CTGGGGTCCT  TACACTTTCT  TTGCCTGCTT  1801  TGCGGCGGCT  AACCCCGGCT  ACGCCTTCCA  TCCACTAGCA  GCAGCCATGC  CTGCCTACTT  1861  CGCCAAGAGC  GCCACCATCT  ACAACCCCGT  CATCTACGTC  TTCATGAACA  GACAAgtagg  1921  ttttttcacc  atgttttaca  agtttaacca  atcacaagag  atggccggtt  agaaatggtc  1981  ctacagtaat  aaccctcttt  tcctctgttt  gcagTTCCGC  GTATGCATCA  TGCAGCTCTT  2041  TGGGAAGAAG  GTGGATGATG  GATCTGAGGT  GTCTACATCC  AAGACAGAAG  TCTCCTCTGT  2101  GGCACCTGCA  TAAaacacca  tgtatacctc  acacattgga  ttcaagtctt  aaggacatgg  2161  aagagaaact  caaaacggaa  ctttttatat  accattttca  taatggcttt  tctttctatt fig. 3a) . On the basis of slightly different alignment of a smaller number of VP genes and using a Poisson correction in estimating the & values, Okano et al. ( 1992) have also obtained the tree topology where Rag is more closely related to G 10 lAf, G 103Af, and R007*f than to RHs and GHs. The difference between groups I and II is unexpected because gecko and chicken are more closely related to human than to fish, at the organismal level, and, therefore, we would expect GGge and I&g to be more closely related to RHs and GHs than to G 10 1 Af, G 103*f, and R007*f.
Within group II, G 10 1 Af, G 103Af, and RO07Af in Astyanax are most closely related; their common ancestor diverged from the ancestor of Rag in chicken, and their common ancestor diverged from the ancestor of Gone in gecko before that. However, this particular branching pattern seems to occur with relatively low probabilities (i.e., 0.6 1 and 0.62; fig. 3a ), and figure 3 may not present an entirely correct evolutionary relationship of the group II genes. For example, as we will see later, GGge and FZQ may form one cluster, and GlO 1 Af, G103Af, and RO07Af may form another, within group II. Because of these uncertainties, it seems important to further evaluate not only the difference between group I genes and group II genes but also the specific topology for all seven genes in figure 3 . Thus, we selected four possible tree topologies, where the relationships between G age and Rag and other genes are arranged differently (see fig. 4 ). Then, the DNAML program was used on sequences with the bases removed at the third position of codons. Thus, the branch lengths estimated should be similar to & . We set the transition/ transversion ratio (k) to 2 and determined branch lengths and associated confidence limits (fig. 4) . We assumed that outgroup sequences Rhn, and RhM,,, are most closely related and that RhBt, Rhog, Rhxl, Rhr, , and RhLj are more distantly related, in that order. For k = 2, log likelihoods for topologies in figure   534 Yokoyama et al. as estimated by means of the ML method (Felsenstein 198 1) . The stippled bars indicate the 95% confidence limits. 4a, b, c, and d are -4,709.07, ,-4,696.89, -4,698.73, and -4,698.63, respectively, indicating that the tree topology in figure 4b is the best. The tree topology of figure 4b differs slightly from that of the tree in figure 3 . That is, in figure 4b , group II genes are further subdivided into two groups: ( 1) Gcge and Rdg and ( 2) G 10 1 Af, G 103Af, and ROO7Af. However, this best ML tree is not significantly better than the other three tree topologies (see Kishino and Hasegawa 1989 ) . common ancestor of the seven MWS and LWS VP genes (A, say) to those of the group II genes ( fig. 4a and 4b ) and of G 10 1 Af, G 10sAf, and ROOTAf ( fig. 4c and d ) are all significantly larger than zero. Similarly, the branch lengths from A to the common ancestors of the group I genes ( fig. 4a and b) are significantly different from zero, but those from A to the common ancestors of Rns, GHs, RGg, and Gage ( fig. 4c and d) are not, showing that the topologies in figure 4c and d are not well supported. Thus, the ML method, like the NJ method, suggests that GGge in gecko and kg in chicken are more closely related to G 10 1 Af, G103Af, and ROOTAf in Astyanax than to RHs and GHs in human.
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Since the values of the log likelihood and branch lengths change as a function of the transition/ transversion ratio k, we might not be judging the best topologies. The maximum log likelihood is obtained for a value of k = 0.8, where they are -4, 636.33, -4,625.47, -4,629.64, and -4,629.75 for trees in figures 4a, b, c, and d, respectively. However, these values and associated branch lengths do not differ much from those obtained for k = 2.0 and result in the same qualitative conclusion.
The human red-green VP genes differ at only 15 residues (Nathans et al. 1986) , and the specific amino acid differences at residues 180, 277, and 285 seem to be sufficient to generate the two types of VP (Yokoyama and Yokoyama 1990a; Neitz et al. 199 1) . We can readily identify specific residues probably involved in achieving the LWS VP encoded by RHs, RGg, and R007 Af. That is, three simultaneous changesala+ser ( 180), phe+tyr (277), and ala+thr (285)-are unique for the three LWS VP genes ( fig. 2) ) suggesting that adaptive evolution from green vision to red vision occurred independently in the three species. As already noted, the green vision in chicken was achieved entirely differently. Like the evolution of lysozyme (Stewart and Wilson 1987 ) , an achievement of full-fledged red and green color vision in vertebrates provides a striking example of adaptive evolution at the molecular level.
When the entire coding regions of the VP genes are considered, it does not seem that the phylogenetic relationships of the group II genes are due to the result of functional convergence.
Rather, their sequence similarity seems to be due to the lack of change since the speciation of the three species. Thus, it may be more reasonable to consider that GGg, in gecko, Rdg in chicken, and G 10 1 Af, G 103Af, and RO07Ar in Astyanax descended from one of the duplicate genes ( G1, say) and that Rns and Gns in human were derived from another ancestral gene (Gz, say).
How realistic is this paralogous-origin hypothesis of the red-green VP genes? Although we cannot answer this question definitely yet, some supportive evidence can be found. When the genomic bands of EcoRI-digested Astyanax DNA were studied by Southern hybridization to the human red-vision cDNA clone (hs7), three strongly hybridizing bands that correspond to G 10 1 Af, G 103Af, and RO07Ar were detected (Yokoyama and Yokoyama 1990a). However, an additional, faint EcoRI band can sometimes be detected (see Yokoyama and Yokoyama 1990b, fig. 1 ). Although the gene that corresponds to this faint band has not been characterized, it may turn out to be a derivative of G2. Similarly, when hs7 (the human red-vision cDNA clone) is hybridized to the EcoRI-digested genomic DNAs from chimpanzee and gorilla, additional EcoRI bands were detected even under stringent conditions (data not shown). These bands may correspond to the genes derived from G1. Thus, it is important to characterize these related genes in different organisms and to clarify their evolutionary relationships to the G1 and G2 groups. If the paralogous-origin hypothesis of the MWS and LWS VP genes is correct, then virtually all vertebrates initially had at least two duplicate loci and did not require additional gene duplications to achieve red-green color vision. Yet, the ancestors of fish and human did not take advantage of the existence of these duplicate loci, and each experienced additional gene duplications and nucleotide substitutions to achieve red-green vision.
Many vertebrates do not have full-fledged red and green color vision (e.g., see Walls 1963, fig. 156 ). In light of the fact that these organisms started with duplicate genes, why did they not develop good color vision? One reason could be that these colorblind organisms have not succeeded in achieving the very specific gene differentiation where one gene codes for amino acids ala ( 180)) phe (277)) and ala (285) and another gene codes for ser ( 180)) tyr (277)) and thr (285 ) . To understand the molecular mechanism for the development of red-green color vision, the MWS and Red/Green-sensitive Visual Pigment Genes Are Paralogous 537 LWS vision genes in diverse lineages of vertebrates need further characterization. We may then find different types of "transient" genes that encode intermediate forms between the MWS and LWS VPs.
Sequence Availability
The sequence of R007Ar has been deposited in the GenBank data base under accession number M90075.
